The Src-homology region 3 domain of chicken a-spectrin (Spc-SH3) is a small two-state folding protein, which has never been described to form amyloid fibrils under any condition investigated so far. We show here that the mutation of asparagine 47 to alanine at the distal loop, which destabilises similarly the native and folding transition states of the domain, induces the formation of amyloid fibrils under mild acid conditions. Amyloid aggregation of the mutant is enhanced by the increase in temperature, protein concentration and NaCl concentration. The early stages of amyloid formation have been monitored as a function of time and temperature using a variety of biophysical methods. Differential scanning calorimetry experiments under conditions of amyloid formation have allowed the identification of different thermal transitions corresponding to conformational and aggregation processes as well as to the hightemperature disaggregation and unfolding of the amyloid fibrils. Aggregation is preceded by a rapid conformational change in the monomeric domain involving about 40% of the global unfolding enthalpy, considerable change in secondary structure, large loss of tertiary structure and exposure of hydrophobic patches to the solvent. The conformational change is followed by formation of a majority of oligomeric species with apparent hydrodynamic radius between 2.5 nm and 10 nm, depending on temperature, together with the appearance and progressive growth of protofibrillar aggregates. After these early aggregation stages, long and curved fibrils of up to several micrometers start to develop by elongation of the protofibrils. The calorimetric data indicate that the specific enthalpy of fibril disaggregation and unfolding is relatively low, suggesting a low density of interactions within the fibril structure as compared to the native protein and a main entropy contribution to the stability of the amyloid fibrils.
Introduction
Resolving how a protein can fold is not only an exciting challenge in itself but it is also essential to understand one of the crucial stages in the conversion of genetic information into biological activity. The failure of proteins to fold correctly can result in severe disease. In pathological cases misfolding leads to plaque and amyloid fibril formation, which are associated with an increasing number of sporadic, genetic or infectious diseases in humans and animals. 1 Amyloid-related diseases include Alzheimer, type II diabetes and spongiform encephalopathies, among others. Amyloid structures originate when certain proteins misfold and aggregate into extended fibrils. 2 Despite having similar morphology, these fibrils form from apparently unrelated peptide sequences. Furthermore, many proteins unconnected to any disease have 0022-2836/$ -see front matter q 2005 Elsevier Ltd. All rights reserved.
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E-mail address of the corresponding author: conejero@ugr.es now been shown to form amyloid fibrils in vitro, which has proven that the ability to form amyloid structures is a general property of the polypeptide chain. 1 To form amyloid fibrils, globular proteins must undergo partial or global unfolding, which convert them into precursors prone to self-association under the appropriate conditions. [3] [4] [5] Although an increasing number of sequences have proved to form amyloids under specific conditions, the process itself and particularly the early steps and the conformations that favour fibril formation are still poorly understood in general. The investigation of many well-studied systems able to form amyloids is vital in order to understand how such insoluble aggregates form from normally soluble protein. This is a crucial step for the design of therapeutic agents against amyloid-related diseases.
Src-homology region 3 (SH3) domains are well characterised, small protein modules of 60-85 amino acid residues that are found in many proteins involved in intracellular signal transduction. 6 The SH3 domain of a-spectrin (Spc-SH3) is a small domain of 62 residues that folds into an orthogonal b-sandwich containing three b-hairpins. 7, 8 The folding and unfolding of this small domain is an apparent two-state reaction under most conditions investigated so far. Previous mutagenesis analyses of the folding-unfolding kinetics of this and other homologous domains have indicated that their transition-state ensembles are quite defined and conformationally restricted with the distal b-hairpin and the short 3 10 helix mainly structured. 9, 10 In spite of the apparent twostate character of its folding, NMR-detected hydrogen-deuterium exchange experiments [11] [12] [13] have indicated that under native conditions the Spc-SH3 domain undergoes a wide variety of conformational fluctuations ranging from local motions to extensive structural disruptions affecting its core. Moreover, recent studies have also reported that at protein concentrations higher than 0.5 mM the Spc-SH3 domain forms partially unfolded, oligomeric species in equilibrium with the native and unfolded states. 14 Oligomerisation of partially unfolded intermediates has been proposed to play a crucial role in the initial stages of amyloid formation by further evolving into the formation of larger aggregates, protofibrils and finally amyloid fibrils. 1 Although the SH3 domain of bovine phosphatidylinositol-3 0 -kinase (PI3-SH3) has been reported to form amyloid at acidic pH, 3 amyloidogenic properties have never been reported for the wild-type Spc-SH3 domain even under conditions where partially folded oligomers are highly populated.
Here, we report that the single-mutant N47A of Spc-SH3 (N47A) rapidly forms amyloid-like fibrillar aggregates under mildly acid conditions and moderate-to-high protein concentrations. The N47A mutation, located at the tip of the distal loop (a type II' b-turn), has a significant destabilising effect in the domain. 15, 16 The large amount of kinetic and thermodynamic data available for the folding and the conformational stability of the Spc-SH3 domain make it an ideal model protein to study the mechanisms and the determinants of amyloid formation. We use here a variety of biophysical techniques to characterize the kinetics and thermodynamics of amyloid-fibril aggregation of the spc-SH3 N47A mutant. The results give insight into the mechanism and the structural and thermodynamic features of the species present at the early stages of the aggregation process and provide information about the stability of the finally formed fibrillar aggregates.
Results
The N47A mutant of the SH3 domain of a-spectrin forms amyloid fibrils in vitro
The formation of fibrillar aggregates of the N47A mutant of Spc-SH3 was first observed after incubation of the protein for several days at pH 3.0 and 37 8C at high concentration (z30 mg ml K1 ). The amyloid nature of the aggregates was confirmed by observation of a strong enhancement in the thioflavine T (ThT) fluorescence signal and a red-shift of the maximum of Congo red absorbance produced by the aggregates (Figure 1 (a) and (b)). Both assays are typical for the characterization of amyloid fibrils in vitro. 17 The fibrillar nature of the aggregates was observed by transmission electron microscopy (EM) (Figure 1(c) ). The protein material forms well-defined fibrils with an approximate diameter of 5-7 nm, similar to that observed for other amyloid fibrils. Fibrils appear relatively curved compared to more ordered amyloids and resemble fibrils that have been described elsewhere as protofibrils or protofilaments. 1 The high protein concentration necessary to produce amyloid fibrils under the above conditions made a complete biophysical characterisation of the process and, particularly, the circular dichroism, dynamic light-scattering (DLS) and calorimetry studies (see below) very difficult because of saturation of the instruments's signal and sample viscosity. To find more appropriate conditions a further screening was made, in which the protein was incubated for three days under several conditions of pH, temperature, protein concentration and ionic strength, and then fibril formation was checked by ThT and Congo red assays. It was found that N47A forms amyloid fibrils within three days when incubated at 37 8C at a concentration of around 20 mg ml K1 and at pH between 3 and 3.5 in 100 mM glycine buffer. Interestingly, at pH 3.8 and above, no fibrils were detected by any method, whereas below pH 2.8 some of the typical tests for amyloid fibrils were negative. As well as being highly pH-dependent, amyloid formation by the N47A mutant appears to be also highly dependent on protein concentration and temperature. The fibrillar aggregates were produced faster at 37 8C than at 25 8C or 15 8C and no production was obtained at 4 8C, even after incubation for one month. Addition of salt increases dramatically the rate of aggregation, even at a much lower protein concentration than in the absence of salt. In fact, at 8.3 mg ml K1 an N47A solution in 100 mM glycine, 100 mM NaCl (pH 3.2) could be converted into fibrillar material within 24 h of incubation at 37 8C, as shown by Congo red and ThT assays, and by EM images of the aggregates (see Figure 10 ). These fibrils have an identical morphology to those grown in the absence of salt. No long, straight fibrils were observed in these preparations. These observations are in agreement with previous studies, 18, 19 which have shown that fibrilogenesis is critically favoured by low pH and high ionic strength. Incubation of WT Spc-SH3 under similar conditions showed much slower events. For instance, even in the presence of 100 mM NaCl the ThT fluorescence enhancement develops for WT at a much lower rate that for N47A, with less than half of the maximum fluorescence enhancement after three days of incubation at 37 8C (results not shown).
Time dependence of amyloid fibril formation
The time dependence of the aggregation process of N47A was studied by measuring several observables: turbidity of the solution at 405 nm, ThT binding assay, circular dichroism spectra in both the far-UV and near-UV wavelength ranges and binding of 8-anilino-1-naphthalenesulfonic acid (ANS). For each experiment, the aggregation process of N47A was monitored at 37 8C in 100 mM glycine buffer, either without added NaCl at a protein concentration of 21 mg ml K1 or in the presence of 100 mM NaCl at 8.3 mg ml K1 . Figure 2 (a) shows the evolution of turbidity with the incubation time. In the absence of NaCl, there is a lag time of about 50-70 min in the development of turbidity and then an increase until the signal reaches a plateau. In the presence of 100 mM NaCl these observations occur much faster and the plateau is reached after roughly 250 min of incubation. At long incubation times there is a sudden growth in turbidity, which is later followed by irregularities in the signal due to sedimentation of the aggregates in the fluorescence cuvette (not shown). For a homogeneous population of fibrils, turbidity correlates strongly with oligomer size. 20 The lag phase suggests that particles remain small for short times of incubation and then larger particles develop progressively until a size limit, as indicated by the plateau. Further incubation originates the growth of even larger aggregates that sediment in the fluorimeter's cuvette.
The enhancement in ThT fluorescence by N47A samples incubated at 37 8C is shown in Figure 2 (b). In the absence of salt, the ThT fluorescence grows progressively during long incubation times of up to z56 h and then remains approximately constant. In the presence of 100 mM NaCl the ThT fluorescence develops much more rapidly at a concentration of 8.3 mg ml K1 , reaching a plateau after z300 min, which remains constant until the end of the experiment. There is no visible lag phase in the ThT fluorescence development for any condition. Since it has been shown that the fluorescence enhancement is proportional to the mass quantity of aggregates formed during the reaction, 21 the lag phase seen in the turbidity experiment appears to display the effect of the progressive increase in size of the particles on the scattering intensity, instead of a delay in the mass increase of aggregated protein. The concentrationnormalized intensity of ThT fluorescence at the plateau is roughly equal for all samples investigated, which could indicate the saturation of the assay due to a deficit of ThT molecules under the conditions used.
The enhancement in ANS fluorescence intensity by the presence of protein during the time-course of the aggregation process was also used to investigate the conformational changes of N47A. The incubation of N47A at 37 8C in the presence of 25 mM ANS elicited a pronounced increase in the ANS fluorescence (Figure 2(c) ) as well as a strong blue-shift of the maximum wavelength (not shown). This is indicative of a considerable exposure to the solvent of hydrophobic patches of the protein. This exposure does not evolve with any lag phase and it develops faster than both turbidity and ThT fluorescence signals shown above (Figure 2(d) ). The ANS fluorescence enhancement occurs at a lower rate in the absence of NaCl than in the presence of 100 mM NaCl, but also faster than the increases in turbidity and ThT fluorescence under similar conditions. These results suggest that the protein undergoes a conformational change exposing hydrophobic patches to the solvent occurring earlier than the formation of large aggregates.
During the incubation of N47A sample at 37 8C in the presence of 100 mM NaCl, the far-UV CD spectrum undergoes remarkable changes. Figure 3(a) shows the evolution of the CD spectrum with the incubation time at 8.5 mg ml
K1
. At this high protein concentration the CD signal was saturated at wavelengths lower than 205 nm. Figure 3(b) shows the far-UV CD spectra taken with similar samples but diluted 40-fold in water immediately before CD measurement. At zero time of incubation the spectrum of N47A is identical with that of wild-type spc-SH3 domain. 22 As aggregation progresses, extensive changes in the CD spectrum take place as revealed by the relatively fast increase in negative ellipticity and the slower development of a negative band at z214 nm, typical of b-sheets. This band becomes gradually more intense upon prolonged incubation of the protein. It is interesting to notice that a considerable amount of the spectral changes observed by incubation at 37 8C reverts upon dilution of the protein samples. This effect appears more pronounced at early times of incubation. The spectra of diluted samples appear as linear combinations of the spectra of the native protein and the final aggregates, as indicated by the isosbestic point at 205 nm ( Figure 3(b) ), suggesting that some intermediate associated species may revert to the native state upon dilution. The near-UV CD spectrum of native N47A is also very similar to that of WT Spc-SH3, showing a band of positive ellipticity, which is gradually lost as the aggregation progresses during incubation at 37 8C (results not shown). The changes observed in the CD spectra during incubation indicate extensive structural changes, with loss of tertiary structure and reorganization of the secondary structure elements to form finally extensive b-structure, typical of amyloid fibrils. 23 The time dependence of the CD signal at 215 nm and at 295 nm during incubation at 37 8C could only be fitted using double-exponential decay functions, which suggests two distinct phases for the spectral changes (Figure 3 (c) and (d)). A fast phase involves considerable change in ellipticity at 215 nm and a relatively large decrease in positive ellipticity at 295 nm, indicating that the secondary structure of the domain is largely reorganized and a substantial fraction of the tertiary structure is lost during this phase. As expected, in the absence of NaCl all changes in the CD spectra occur on a longer timescale in agreement with the observations made by the other techniques. The time constant of the fast phase is about 30-40 min and similar to that observed in the ANS binding experiment, which supports an extensive conformational change in the protein occurring spontaneously prior to the formation of aggregates. In addition, the time constant of the fast phase at 37 8C is approximately independent of the protein concentration (results not shown), which suggests a monomolecular event for the rate-limiting step of the conformational change, likely a spontaneous conformational change affecting the monomeric protein. During the slow phase the disappearance of CD signal at 295 nm is completed, indicating a full loss of tertiary structure, and there is an additional development of negative ellipticity at 215 nm, indicating a slow formation of extensive b-sheet structures as aggregation proceeds. The rate of ellipticity change in this phase correlates with the protein concentration as expected for an aggregation process.
Differential scanning calorimetry
From previous and current studies it is known that the amyloid formation is highly dependent upon experimental conditions (protein concentration, ionic strength, pH, temperature). To investigate further the role of the temperature and complement the kinetic data, we have carried out differential scanning calorimetry (DSC) experiments with N47A under conditions of formation of amyloid aggregates. Since the aggregation process and the fibrils formed have very similar features in the presence and in the absence of 100 mM NaCl, except for the different velocity of aggregation and the distinct critical concentration of protein, it was more appropriate to make the DSC study in the presence of salt. The thermal denaturation of N47A was followed by DSC at pH 3.2 in 100 mM glycine, 100 mM NaCl, using a scan rate of 2 K min K1 , and the effects of the protein concentration were investigated (Figure 4 ). At a protein concentration between 1 mg ml K1 and 3.4 mg ml K1 , the DSC curves of N47A show a single unfolding transition with a maximum at z52 8C and high reversibility in a second consecutive scan. No evidence of protein aggregation was found even after heating to high temperatures. No scan-rate effects were observed in the DSC thermograms in this concentration range. This indicates that the thermal unfolding of the protein occurs essentially under equilibrium during the DSC scan under these conditions. The DSC curves were fitted very well assuming a two-state unfolding model. The thermodynamic parameters of unfolding differ slightly from previous experiments carried out at low ionic strength for the same Spc-SH3 mutant, 15,16 the protein being less stable under the conditions of this study (DG U Z8.1 kJ mol K1 at 25 8C in this study versus 9.2 kJ mol K1 at pH 3.0 and low ionic strength 15 ). At a concentration of 4.4 mg ml K1 and above the DSC thermograms become much more complex with the appearance of two additional peaks. The temperatures of the maximum (T m ) of the three peaks in the DSC curves vary depending on the concentration but overall occur around 45 8C, 65 8C and 80 8C, respectively. None of these peaks is well described by the two-state unfolding model, which is not surprising considering the irreversibility of the thermogram in a second consecutive scan. Additionally, the enthalpy of the first transition is reduced progressively with the concentration from 146 kJ mol K1 down to z60 kJ mol K1 , while the enthalpy of the third transition increases concomitantly. This indicates that the first transition involves partial unfolding of the domain with a net enthalpy of less that half of that corresponding to global unfolding. This is favoured by the increase in protein concentration, which indicates that partial unfolding is coupled to an association process as observed elsewhere. 24 The DSC thermograms at 10 mg ml K1 show a remarkable scan-rate effect ( Figure 5 ). When the scan-rate is lowered the T m of the first peak is shifted to lower temperature, whereas that of the third transition is shifted slightly to higher temperature. An effect is also appreciated in the second transition, which seems to practically disappear at 0.5 K min K1 . These results indicate a strong kinetic control over the DSC thermograms. In particular, the equilibrium two-state unfolding transition at z52 8C at low protein concentration turns into an irreversible process, dependent on . Symbols correspond to the best fit to the DSC curve at 1.8 mg ml K1 using the two-state unfolding model.
both protein concentration and scan rate. This effect is due to the influence of the time-dependent conformational and aggregation processes in this temperature range as shown above by other techniques at 37 8C. The appearance of additional peaks in the DSC curves indicates subsequent thermally induced processes at higher temperatures. Similar concentration and scan-rate effects on the DSC data have been observed elsewhere for thermally induced aggregation of proteins. [24] [25] [26] The DSC thermograms of samples pre-incubated for different times at 37 8C are shown in Figure 6 . As incubation time is progressing there are remarkable effects on the thermal transitions. Within relatively short times of incubation (!180 min), the first transition at z46 8C reduces its area greatly and shifts considerably towards higher temperature reaching z52 8C, which is the approximate position of the transition of unfolding at equilibrium (see Figure 4 ). These changes are approximately coincident in incubation time with the initial structural changes observed by CD and ANS binding. It thus appears that as native protein is undergoing the conformational change its effective concentration is being reduced to values where equilibrium unfolding can occur. These results also indicate that under these conditions (37 8C and 8.3 mg ml K1 ) only a fraction of the protein undergoes the initial conformational change. At longer incubation times the transition at z52 8C tends to disappear with no further change in T m , which indicates that most native protein is driven into aggregates by longer incubation.
The small DSC transition at z68 8C is clearly visible for samples incubated at 37 8C during short times and diminishes for long times of incubation. This suggests the assignment of this transition to the unfolding of certain states of the protein that did not evolve sufficiently fast into amyloid aggregates. This is additionally supported by the following observations. First, the transition is more prominent in DSC scans at intermediate protein concentrations (see Figure 4) , where amyloid aggregation is less favoured. Second, the transition tends to disappear with the decrease of the scan rate ( Figure 5 ), where amyloid aggregation has more time to occur.
The third transition with T m z86 8C remains prominent for all samples but its enthalpy increases significantly with the time of pre-incubation at 37 8C, which correlates with a more complete formation of amyloid aggregates. The enthalpy change of the transition at z86 8C is z100 kJ mol K1 and the ratio between the van't Hoff and the calorimetric enthalpies (rZDH vH / DH cal ) is near 3, which clearly indicates a non-twostate process. These results serve to propose the transition with T m z80-90 8C in the DSC curves as corresponding to the unfolding of the amyloid fibrils. Similar high-temperature DSC transitions for the thermal unfolding aggregates have been reported for streptokinase, 24 for amyloid fibrils of fibronectin type III module 27 and of ovine prion protein. 25, 26 In order to complete the interpretation of the DSC data, the species formed after each of the DSC transitions were submitted to additional analysis. To do so, 8.3 mg ml K1 samples of N47A were heated in a programmable waterbath at a scan rate of 2 deg.C min K1 from 4 8C up to 52 8C, 72 8C and 92 8C, then immediately cooled in liquid nitrogen and analysed by far-UV CD (Figure 7(a) ) and ANS binding (Figure 7(b) ) at room temperature. The far-UV CD spectrum of samples heated to 52 8C is similar to the CD spectrum achieved after the fast phase observed during incubation at 37 8C. Additionally, this sample produces a strong enhancement in the fluorescence intensity of ANS. Therefore, the first DSC transition around 46 8C Temperature (°C) Figure 6 . DSC analysis of N47A samples pre-incubated at 37 8C during different times in 100 mM NaCl, 100 mM glycine (pH 3.2). Protein concentration was 8.3 mg ml K1 in all samples. Times of pre-incubation are indicated alongside each curve.
Amyloid Aggregation of an a-Spectrin SH3 Mutant corresponds mainly to a conformational change leading to a partially unfolded state of the protein with non-native secondary structure and considerable exposure of hydrophobic patches. This state appears incapable of recovering the native state at room temperature under the conditions of this experiment. When the sample was heated to 72 8C, the far-UV CD spectrum presented a considerable increase in ellipticity at z214 nm typical of extensive b-sheet and similar to that of the amyloid aggregates obtained after three days incubation at 37 8C. This indicates that heating the protein to 72 8C accelerates dramatically the production of amyloid aggregates. The enhancement in ANS fluorescence remains high for this sample, which indicates that the fibrillar aggregates are also exposing extensive hydrophobic patches to the solvent. After heating to 92 8C, the CD spectrum at room temperature is quite similar to that obtained for the unfolded protein at high temperatures (not shown). A considerably lower enhancement of the ANS fluorescence intensity was obtained for this sample, indicating the disruption of hydrophobic patches upon unfolding. Interestingly, this state of the protein did not recover the native conformation during the duration of the experiment. These results strongly support the hypothesis that the first DSC transition (z46 8C Figure 4 ) appears to be due to the fact that upon cooling the sample within the DSC cell, it is submitted again to temperatures where rapid aggregation takes place. A second consecutive heating starts with most of the protein in the fibrillar state, thus reproducing the fibril unfolding transition at 80-85 8C, but not the partial unfolding transition at around 46 8C.
It is noteworthy that conversion of partially unfolded species into amyloid aggregates does not involve an extensive net enthalpy change, as observed by the absence of prominent peaks attributable to this process in the DSC thermograms.
Size characterisation of the species present during amyloid aggregation
To characterise the molecular size of species present in solution, the aggregation process was followed by DLS. The DLS data at different times of incubation at 37 8C were acquired with protein samples in 100 mM glycine, 100 mM NaCl (pH 3.2) at different concentrations (between 8.3 mg ml K1 and 1.4 mg ml K1 ) until the scattering signal reached saturation. Figure 8(a) shows the size distributions at 8.3 mg ml K1 calculated from the DLS data using the instrument's software. At time zero, only particles with an apparent hydrodynamic radius (R h ) of z1.6 nm were detected, consistent with the R h of 1.57 nm expected for a globular protein of 62 residues 28 and similar to the R h reported for the native WT spc-SH3 domain.
14 Immediately after 1-2 min of incubation at 37 8C, additional species started to appear in the size distribution. Their apparent R h started at z5-7 nm, increasing progressively with the incubation time, reached up to z30 nm at z100 min and then started to decay (Figure 8(b) ). As the scattering intensity is proportional to the second power of the particle mass, the contribution from the larger particles dominates the scattering signal. 29 In spite of this, the mass percentage of protein in these particles grew only up to z5-6%, with most of the protein remaining in low-R h particles. More remarkably, the apparent R h of the small particles shifted from z1.6 nm to z2.7 nm and after z120 min remained around this value during the rest of the experiment. This R h value is larger than that expected for a compact dimer (1.9 nm) or for an unfolded monomer (2.3 nm) and would be more consistent with that of expanded dimeric species of partially unfolded protein. After roughly 130 min of incubation, other species with R h higher than 100 nm became present in solution and from this point larger aggregates of up to several micrometers, very likely long fibrils, started to develop. Unfortunately, the DLS signal got saturated with the appearance of these large aggregates, precluding the whole aggregation process from being followed.
Similar size distributions were obtained at lower concentrations of protein but requiring longer incubation times as concentration was diminished (results not shown). For example, the shift in the R h of the low molecular mass particles occurred after 3 h, 4 h and 6 h of incubation at 37 8C for protein concentrations of 6.5 mg ml K1 , 5.4 mg ml K1 and 3.2 mg ml K1 , respectively. In contrast, at low concentration (1.4 mg ml K1 ), where amyloid formation was not observed, most of the protein remained monomeric (R h z1.6 nm) with the incubation time and only after 5 h a small percentage of medium-size particles (10-30 nm) appeared in the size distribution.
The size distributions were also studied by DLS at different temperatures from 20 8C to 60 8C. Figure 9 shows the size distributions at different temperatures for a sample of 8.3 mg ml K1 . Although DLS acquisition was carried out in a temperature-step mode, the approximate heating rate was 1.4 deg.C min K1 . From 20 8C to 30 8C, only the monomeric particles were observed and above 32 8C again some particles appeared with an R h growing from z7 nm at 34 8C to z30-40 nm at 50 8C. Above 42 8C the R h of the smaller particles shifted progressively to greater values reaching z10 nm at 50 8C. This shift is of a greater magnitude than that observed during the incubation at 37 8C and the majority of the protein (O80%) remained in these species. Above 50 8C The protein at a concentration of 8.3 mg ml K1 in 100 mM NaCl, 100 mM glycine (pH 3.2), was heated progressively from 20 8C to 60 8C inside the instrument's cell. much larger particles with R h of up to few micrometers started to develop and evolved rapidly in size near 60 8C, the maximum temperature achievable by the DLS instrument. This agrees well with the DSC data, which define the region between 60 8C and 70 8C as a temperature range where fibril polymerisation becomes very fast. The size distributions for a similar experiment performed with a sample of 1.4 mg ml K1 showed only a single peak corresponding to monomeric particles. The apparent radius shifted slightly from 1.7 nm to 1.9 nm around 46 8C (results not shown), consistent with the unfolding of the monomeric domain, as observed by DSC. No evidence of aggregation was observed in this experiment.
The DLS results are in good agreement with the rest of techniques and shed light upon the early stages of the aggregation processes occurring during both the incubation and the thermal experiments. For instance, it becomes evident that the initial development of turbidity during the incubation at 37 8C is consistent with the appearance of particles with intermediate size (6-40 nm) , which grow in size up to a plateau. These particles, which appear to be also responsible for the initial enhancement of ThT fluorescence, have fibrillar nature as deduced from EM images taken with samples incubated at 37 8C for different times (see below). These aggregates represent, however, a small percentage of the mass of protein, while most of the protein remains in the low molecular mass particles. The spontaneous partial unfolding observed by CD and ANS fluorescence during incubation at 37 8C might have some relationship with the shift in R h monitored by DLS for most of the protein mass, going from the monomeric value to that expected for an expanded dimer. Nevertheless, the rate-limiting step of the conformational change appears to be monomolecular and, therefore, oligomerisation would occur at a subsequent stage. This would imply that by incubation at 37 8C the majority of the protein undergoes spontaneous partial unfolding followed by association prior to any extensive aggregation. Large amyloid fibrillar aggregates showing an apparent R h of several micrometers develop only after these initial stages consistently with the additional but slower development of b-sheet structures, as observed by far-UV CD and by the late increase in turbidity and further sedimentation observed in the incubation experiments.
All these events are accelerated and enhanced by temperature increase. Intermediate sized particles develop up to 30-40 nm at 50 8C and amount to a higher percentage of the protein mass. The shift in R h for the small particles is greater as temperature increases (up to z10 nm at 50 8C), which would indicate that higher-order oligomerisation of partially unfolded species is favoured by the temperature increase. The largest particles do not start to appear until temperature is above 50 8C, in good agreement with the rest of the results.
Morphology of the aggregates during the amyloid fibril formation
The morphological properties of the particles appearing during the aggregation process were analysed by taking EM images of samples incubated for different times at 37 8C in 100 mM glycine, 100 mM NaCl (pH 3.2), at a protein concentration of 8.3 mg ml K1 (Figure 10 ). After just 30 min of incubation very few short protofibrils of up to z50-70 nm in length and about 6-7 nm in diameter can be already observed in the samples, indicating that the appearance of aggregation nuclei is relatively fast with no significant lag time. Both the number and length of the fibrils increase progressively with the time of incubation and after 3 h some fibrils reach up to few hundred nanometers. In spite of the fact that the fibril length and the apparent hydrodynamic radii measured by DLS cannot be compared directly, 30 these small fibrils can be recognized as the intermediate-sized particles observed by DLS. Thereafter, long and curly fibrils are developed and their general morphology does not change within incubation periods of several weeks. These results complement the DLS data nicely and indicate that the only particles visible by EM during the amyloid aggregation are of fibrillar nature. Thus, under the conditions of these experiments, the early stages of the aggregation process consist of the rapid nucleation of a number of small protofibrils, which are subsequently elongated without significant change in morphology.
Discussion
Destabilization of the folding nucleus drives misfolding and amyloid aggregation Here, we report how a single mutation can produce a dramatic increase in the amyloidogenic propensity of the SH3 domain of a-spectrin. Present work and previous studies 31 have shown that the WT protein did not evolve efficiently into amyloid under different conditions tested so far. However, the N47A variant forms fibrillar aggregates at mild acid pH and this is accelerated in the presence of a moderately low concentration of salt. The aggregates formed by the N47A mutant exhibit typical amyloid properties in their morphologies, interactions with specific dyes and also in their secondary structures.
The fact that a single mutation could change dramatically the rate of formation of amyloid aggregates is quite remarkable and has also been observed elsewhere. [32] [33] [34] [35] Previous studies have highlighted the importance of specific amino acid sequences in mediating or facilitating amyloid aggregation of proteins. [36] [37] [38] Thus, it would be plausible that the asparagine to alanine mutation would have achieved a sequence stretch particularly favourable to aggregation in the region of mutation. To find an answer to this, we have applied the TANGO algorithm, developed by L. Serrano and co-workers, 39 to predict the propensity to form b-aggregates by WT and N47A Spc-SH3 under the conditions of this study. The TANGO score of b-aggregation for both variants is exactly the same along the whole sequence and is zero at and around the position of mutation. Surprisingly, the score is significant (O10%) for three sequence segments (residues 8-13, residues 30-34 and residues 52-58) and remarkably high (O 75%) for the first of them. Accordingly, the Spc-SH3 domain sequence would have a relatively high intrinsic propensity to aggregate, which appears to be masked by additional factors. Nevertheless, the dramatic increase in amyloidogenic propensity produced by the N47A mutation does not appear to have its origin in the sequence change.
In addition to the influence of amino acid sequence, conformational stability and cooperativity have also been posted as major determinants for amyloid aggregation. [40] [41] [42] Previous studies 16 have found that the N47A mutation at the distal b-II' turn destabilises the Spc-SH3 domain by 0.8-2.2 kJ mol K1 depending on the experimental conditions. Moreover, protein engineering analysis of the Spc-SH3 folding kinetics has shown that the distal turn is an essential part of the folding nucleus of this small domain, 9, 10 with the highest phi-values around the distal b-hairpin and the 3 10 helix. This indicated that the folding transition state ensemble is destabilized by the mutation similarly to the native state. The increase in the energy barrier of folding for this mutation is, however, rather small (z1 kJ mol K1 ) and it cannot be ruled out that the mutation exerts additional changes in the folding landscape by stabilization of alternative aggregation-prone conformations, thus affecting the kinetic partitioning between folding and aggregation. 43 The results presented here highlight the importance of changes in the folding landscape exerted by factors such as sequence mutations in the amyloid aggregation propensity of proteins.
Addition of salt accelerates amyloid aggregation
The presence of a moderate concentration of NaCl increases considerably the velocity of aggregation of N47A into amyloid fibrils. Previous studies have reported the important role of the hydrophobic and electrostatic interactions in amyloid fibril formation. 38, [44] [45] [46] Although the role of these interactions in aggregation is far from being understood, it has been shown that the increase in the concentration of anions favours the stabilization of partially folded states of proteins under acidic conditions. 47, 48 Our results agree with these observations, since the presence of NaCl destabilizes slightly the native state and accelerates the conformational change of the native protein leading Figure 10 . Time evolution of aggregate morphology during amyloid fibril formation by N47A. Electron microscopy images of N47A samples at 8.3 mg ml K1 were taken for different times of incubation at 37 8C in 100 mM NaCl, 100 mM glycine (pH 3. to a partially unfolded state, highly prone to oligomerisation and further aggregation.
The role of electrostatic interactions in amyloid formation is also manifested in the pH dependence observed in the screening experiments shown here. Rapid fibril formation was observed only in a relatively narrow pH range, which suggests the requirement of a subtle charge balance in some of the steps leading to aggregation. The influence of small perturbations in charge-charge interactions upon fibril assembly has been documented elsewhere. 38, 45 Nevertheless, in this study we cannot discard the strong influence of pH upon the conformational stability of the SH3 domain, 12, 22 which may play a role in favouring certain amyloidogenic conformational states at particular pH values. Additional investigation would be needed to elucidate this.
Partial unfolding precedes the onset of aggregation
The results shown here demonstrate that incubation at pH 3.2 in 100 mM glycine, in the presence of 100 mM NaCl at temperatures of 37 8C and above, promotes a relatively rapid conformational change in N47A leading to a partially unfolded state. This state of the protein is characterized by secondary structure considerably different from that of the native state, low content in tertiary structure and a large amount of solvent-exposed hydrophobic patches. These features are reminiscent of a molten globule. Additionally, the DSC results indicate for this state a net enthalpy intermediate between the native and the unfolded states. These results are in agreement with the wellestablished observation that partial or global unfolding of native proteins must occur prior to amyloid formation taking place. [49] [50] [51] The DLS measurements indicate that the conformational change is accompanied by ulterior oligomerisation. For instance, at 37 8C most of the protein reaches transiently a state with an apparent radius compatible with that of an expanded dimer, while at higher temperatures, larger oligomers are favoured. We have recently described the presence of significant populations of partially unfolded oligomeric species in the unfolding equilibrium of WT Spc-SH3 at high protein concentrations, pH 3.0 and low ionic strength.
14 These species did not evolve significantly into any irreversible aggregation under these conditions, in contrast to what is observed for N47A in this study. Their occurrence suggests, however, that irrespective of the presence of the N47A mutation, partially unfolded states of Spc-SH3 are particularly prone to intermolecular association when they become significantly populated. It is interesting that these species formed spontaneously by N47A are incapable of reverting to the native state on a reasonable timescale, either by lowering temperature or diluting the sample. This implies that under the conditions of these experiments these species are separated by a highenergy barrier from the native state.
Oligomerization triggers amyloid aggregation
In contrast to the initial conformational change suffered by the native protein, the extent and rate of aggregation is highly concentration-dependent. The combination of the DLS data and the EM images allows us to distinguish two different types of particles at the initial stages of the aggregation process. Firstly, small oligomers with sizes ranging between 2.5 nm and 10 nm produced by association of partially unfolded molecules. Secondly, small protofibrils of up to z50-70 nm in length and about 6-7 nm in diameter appear very early without a lag time. These protofibrils were detected in the DLS measurements as particles with apparent R h starting at 6-7 nm and growing up to 30-40 nm. It is interesting that the initial R h and the fibril diameter are very similar, suggesting a globular shape for the seeds of the protofibrils. The number of protofibrils increases progressively and simultaneously each protofibril grows by an apparent one-dimensional elongation process. Initially these fibrils represent only a small fraction of the protein mass. The two types of particles appear to reach a maximum R h at similar times of incubation at 37 8C, as shown in Figure 8(b) . Nevertheless, the apparent R h of the fibrillar aggregates cannot be directly compared with their length. A calibration curve relating the apparent R h and the length of a monodisperse solution of rigid rods has been calculated theoretically elsewhere. 30 For instance, rods of 250 nm in length would give an apparent R h value of about 30 nm. This is consistent with the R h values and lengths observed here for the protofibrils at the initial aggregation stages. Additionally, the apparent R h is significantly affected by fibril flexibility, which might explain the observation of a maximum in the R h in the DLS experiments for these particles. Finally, the protein material is converted into long and curved amyloid fibrils by simple elongation reaching an apparent R h of up to several micrometers. From the results of this study it is not possible to establish unequivocally the mechanism by which long amyloid fibrils are assembled. It would appear, however, that protofibrils are onedimensionally elongated from their ends without any change in diameter. On the other hand, it is not clear whether this elongation occurs by addition of protein monomers or of preformed oligomeric species. The latter would appear plausible because the onset in the rapid growth of long fibrils is coincident with the maximum development of the small oligomeric particles.
Previous work has established that for some proteins the final aggregation state is critically dependent upon the solution conditions, which may favour distinct precursor states. 45, 51, 52 For instance, b 2 -microglobulin has been shown to form long and straight fibrils in a nucleationdependent process at low ionic strength and pH !3 from a highly disordered state, whereas short and curved, worm-like fibrils form quickly without lag phase from more compact denatured states at higher pH or high ionic strength. 51, 52 Very recently, it has been demonstrated that these different fibrils are formed in distinct competing pathways. 53 The latter type of fibril formation resembles to some extent our observations, with small protofibrils formed very quickly by N47A without any lag phase, from which long curved fibrils develop at later stages of the aggregation process. This type of fibril remained without apparent change for weeks under the conditions of this work and no straight fibrils were observed in these time periods of incubation. Whether these fibrils can be precursors of more ordered, straight amyloid fibrils or, on the contrary, they are off-pathway as observed for b 2 -microglobulin, remains to be elucidated by a more systematic morphological study.
Energetics of amyloid aggregation and dissagregation
We have shown here that DSC, when combined with additional biophysical techniques, is very useful to monitor the energetics of conformational changes occurring during amyloid aggregation. In contrast with the conformational change suffered by the native protein to form partially unfolded oligomers, conversion of these into large amyloid fibrils appears to occur without a significant enthalpy change. This indicates that the net balance of interactions, including changes in hydration, for the assembly of partially unfolded species into fibrils is relatively small. Accordingly, the process of assembly of partially unfolded species into amyloid aggregates does not appear to be favoured enthalpically and, therefore, should be driven instead by an entropy increase.
Amyloid fibrils formed either by incubation at constant temperature or by heating the samples to temperatures near 70 8C dissociate and unfold in a closely similar cooperative transition near 85 8C. This transition can be easily monitored by DSC, which allows us to obtain thermodynamic information for this process. To date, very few DSC studies have been reported under conditions of amyloid aggregation or disaggregation. Similar high-temperature transitions have been observed for amyloidogenic sheep prion protein variants 25, 26 or fibronectin type III module, 27 which have also been attributed to the thermally induced dissolution of aggregates. Understanding the factors that govern the conversion of aggregates back into soluble proteins has become recently an important issue due to its implications in the development of treatments for amyloid-related diseases. 54, 55 Our DSC results show that thermal disaggregation and unfolding of amyloid fibrils involves an enthalpy change of about 100 kJ mol K1 . This enthalpy change is of a magnitude similar to the enthalpy difference between the partially unfolded species formed in the first transition at z46 8C and the fully unfolded state. The specific enthalpy change is also significantly smaller than that for unfolding of the native protein and the values usually found for unfolding of globular compact proteins, indicating a relatively low density of interactions inside the fibrils.
Taken together these results point towards entropy as the main force driving the formation and stability of the amyloid fibrils. 56 These results highlight the potential of calorimetry to increase our understanding of the thermodynamics of protein aggregation and amyloid formation.
Materials and Methods

Protein samples
The WT and N47A variants of the SH3 domain of chicken a-spectrin were expressed and purified as described. 13, 22 Protein aliquots were dialysed extensively against pure water and lyophilized. For aggregation experiments the lyophilized protein was dissolved, unless stated, in the appropriate buffer at 4 8C, centrifuged for 2 min at 14,000 rpm in a micro-centrifuge and filtered through a 0.2 mm filter. Protein concentration was determined by measurement of absorbance at 280 nm using extinction coefficients of 15,512 M K1 cm K1 and 15,220 M K1 cm K1 for WT and N47A variants, respectively as determined by the method described by Gill and von Hippel. 57 
Congo red binding assay
Samples were tested for amyloid-specific Congo red binding by the spectroscopic band shift assay. 58 Aliquots of protein solution (15 ml) were diluted in the reaction buffer (150 mM potassium phosphate, 150 mM NaCl, pH 7.4), which contained 20 mM Congo red (1 ml final reaction volume). The Congo red solution was freshly prepared and filtered through a 0.2 mm filter before use. The absorption spectra were acquired after 2-3 min equilibration using a Perkin Elmer Lambda-25 spectrophotometer (Perkin Elmer, Shelton, CT, USA).
Thioflavin T binding assay
ThT binding assays were performed as described 21 using a Perkin Elmer LS-55 spectrofluorimeter (Perkin Elmer, Shelton, CT, USA). ThT was excited at 440 nm with a 2.5 nm slit width and the fluorescence emission was recorded at 485 nm with a 5 nm slit width. A 250 mM stock solution of ThT was freshly prepared in 25 mM potassium phosphate (pH 6.0). Protein aliquots (10 ml) were diluted into the phosphate buffer containing 12.5 mM ThT and adjusted to a final volume of 1 ml. Measurements were carried out at room temperature using a 10 mm pathlength cuvette.
Electron microscopy
Protein samples were diluted tenfold in the same buffer and 15 ml was placed on a formvar-carbon-coated copper grid and left for 4 min. The grid was then washed twice with distilled water and the samples stained with Amyloid Aggregation of an a-Spectrin SH3 Mutant 2% (w/v) uranyl acetate for 1 min. The dried samples were then observed either in a Zeiss 902 or in a Philips CM20 electron microscope operating at an accelerating voltage of 80 kV and 100 kV, respectively.
Turbidity experiments
Turbidity measurements were performed on a Perkin Elmer LS-55 spectrofluorimeter (Perkin Elmer, Shelton, CT, USA) equipped with a thermostatted cuvette holder. Samples of appropriate concentrations were incubated at 37 8C directly in the spectrofluorimeter cuvette. The turbidity of the solutions was measured at 405 nm as a function of time.
Circular dichroism
CD experiments were performed on a Jasco J-715 (Tokyo, Japan) spectropolarimeter equipped with a thermostatted cell holder. Measurements of the far-UV CD spectra (260-190 nm) were made with a 1 mm path length quartz cuvette taking 10 ml aliquots from the aggregation mixture and diluting them with water to a final volume of 300 ml immediately before measuring the spectrum (final protein concentration of about 0.3 mg ml
K1
). The resulting spectrum was the average of eight scans. Far-UV CD spectra were also measured directly with the aggregation mixture using a 0.1 mm path length cuvette. Near-UV CD spectra (320-250 nm) of the aggregation solution were measured using a 5 mm cuvette. In incubation experiments, the CD signal was monitored as a function of time at 37 8C at 215 nm and 295 nm using 0.1 mm and 5 mm cuvettes, respectively, and a protein concentration of 8.3 mg ml
.
ANS binding assay
The fluorescence emission spectra of ANS in the presence and absence of protein were recorded in a Perkin Elmer LS55 spectrofluorimeter at a temperature of 20 8C. Protein aliquots (10 ml) of the 8.3 mg ml K1 stock solution were diluted in 990 ml of 100 mM glycine, 100 mM NaCl, 25 mM ANS (pH 3.2). The ANS fluorescence was then read immediately using an excitation wavelength of 370 nm and the fluorescence emission was collected between 400 nm and 600 nm with excitation and emission slit widths of 5 nm and 2.5 nm, respectively. For incubation experiments, the ANS (25 mM) fluorescence emission at 465 nm was followed at 37 8C as a function of time in 100 mM glycine, 100 mM NaCl (pH 3.2), in the presence of 8.3 mg ml K1 of N47A.
Differential scanning calorimetry
Calorimetric experiments were performed using a DASM4 instrument. 59 DSC scans were conducted between 3.4 8C and 100 8C usually at a scan rate of 2 deg.C min K1 . Instrumental baselines, obtained by filling both calorimeter cells with the corresponding buffer, were systematically subtracted from the sample experimental thermograms and the time response of the calorimeter was corrected. The occurrence of timedependent denaturation processes accompanying the thermal unfolding was investigated by repeating the DSC experiment using different scan rates within the range 0.5-2 deg.C min
K1
. Thermograms exhibiting a single reversible transition were preliminarily fitted to the two-state unfolding model 22 using Microcal Origin (OriginLab Corporation, Northampton, MA, USA).
Dynamic light-scattering
DLS measurements were performed with a DynaPro MS-X instrument (Wyatt Technology Corporation, Santa Barbara, CA, USA) using a 12 ml quartz thermostatted sample cuvette. The N47A solution and the buffer were centrifuged and filtered through 0.02 mm Whatman Anotop filters (Whatman plc, Brentford, Middlesex, UK) immediately before measurements in order to remove any aggregates and dust from the sample. Dynamics software (Wyatt Technology Corporation, Santa Barbara, CA, USA) was used in data collection and processing. Sets of DLS data at constant temperature (37 8C) were acquired every 45 s until saturation of the signal was reached. Laser power was reduced according to protein concentration to avoid early saturation of the instrument. Sets of DLS data at different temperatures (from 20 8C to 60 8C) were also measured with an average number of 20 acquisitions at each temperature and an acquisition time of 5 s.
